We present a system developed to premagnetize liquid samples in an ultra-low-field NMR experiment. Liquid samples of a few milliliter are exposed to a magnetic field of about 70 mT, which is abruptely switched off, so to leave a transverse microtesla field where nuclei start precessing. An accurate characterization of the transients and intermediate field level enables a reliable operation of the detection system, which is based on an optical magnetometer.
Fast switching coil system for sample premagnetization in an unshielded ultra-low-field-NMR experiment We present a system developed to premagnetize liquid samples in an ultra-low-field NMR experiment. Liquid samples of a few milliliter are exposed to a magnetic field of about 70 mT, which is abruptely switched off, so to leave a transverse microtesla field where nuclei start precessing. An accurate characterization of the transients and intermediate field level enables a reliable operation of the detection system, which is based on an optical magnetometer.
The ultra-low-field regime in NMR experiments corresponds to precession field intensities ranging around the microtesla level, where the nuclear precession is so slow to make the usual detection approaches -based on Faraday induction phenomenon-inadequate or unfeasible. Instead, noninductive, highly sensitive detectors can be used, such as SQUIDs and optical atomic magnetometers 1 .
Optical magnetometers are acknowledged for their practicality (they operate at room temperature) and robustness, making them eligible as high-performance sensors in on-field applications, such as in tomography in hostile environment 2 and material characterization 3 .
Optical magnetometers designed to operate in a weak field, can tolerate much stronger (e.g. tesla level) ones, and recover immediately their operativity, as soon as the weak (e.g. microtesla) field is restored. In ultra-low-field NMR, this is the case when the sample is premagnetized in the same position where the nuclear precession is detected. Such in situ magnetization constitutes an approach complementary to remotedetection techniques, where the sample is premagnetized by a strong field in a region at some distance from the sensors and is subsequently shuttled to the weak field region, in the proximity of the sensor that detects the nuclear precession.
This note describes an arrangement that makes possible to perform in situ magnetization in a setup previously developed to register NMR 4,5 and MRI 6,7 signals with a remotedetection scheme.
In most of ULF-NMR experimental setups, in-situ premagnetization can be performed only with hyperpolarization techniques [8] [9] [10] , due to incompatibility of magnetic shields with strong magnetic fields, so that Zeeman-interaction polarization with fields exceeding 50-100 mT is relegated to exsitu (remote detection) apparatuses 11 . This is not the case of our setup, which is designed and optimized to operate in unshielded environment, and uses active field-compensation 12 and differential-measurement techniques 13 to reject disturbances produced by external sources, while other experiments in shielded volumes use typically weaker (10-20 mT) premagnetization fields 14 .
The detection geometry considered in this work is the same described in refs. 4, 5 , but the NMR sample (about 7 milliliter of distilled water) is premagnetized by a room-temperature solenoidal coil placed in the proximity of the sensor. The coil a) Electronic mail: valerio.biancalana@unisi.it is made of 500 g of 0.56 mm diameter copper wire, wound on its original reel. The coil assembly size and its electromagnetic characteristics are summarized in Table I The coil is inserted in a sealed PVC cylindrical shell, where a coolant liquid flows. The external radius of the shell (35 mm) summed with the the external radius of a cylinder containing the atomic sensor and its electric heater (40 mm), establishes a constraint that limits the minimum sample-sensor distance: a critical parameter setting the sample-sensor coupling, and eventually the signal detection efficiency.
A challenging aspect of the described setup concerns the need of reliable control of diverse magnetic field strength, with the twofold need of producing rather strong field and to generate fast, tailored field transitions. Driving inductive loads finds interests in a variety of industrial and research applications, where diverse kinds of specifications and features are required, with parameters (such as peak current, power dissipation, compliance voltages, pulse duration etc.) ranging in broad intervals. Correspondingly, abundant literature can be found both among application notes of device producers [15] [16] [17] and in scientific journals 18, 19 .
The NMR signal detection is performed on the basis of a relatively simple sequence. The measurement is made in B m = 4 µT field oriented along y. A much stronger (70 mT) B 0 field is superimposed to B m in a transverse direction and premagnetizes the nuclear sample along x for a few seconds (several times the nuclear longitudinal relaxation time T 1 ). This premagnetization field B 0 is reduced to a much weaker intensity B 1 (at least 10 times B m ), in a time as short as possible, compatibly with the current driver electric specifications (see below). As B 1 is parallel to B 0 and exceeds B m by at least an order of magnitude, the total field remains substantially parallel to the induced magnetization (x direction). At this point the B 1 is abruptly turned to zero, in a time interval much shorter than the nuclear precession period. Due to such non-adiabatic field transition, the nuclear magnetization remains transverse to the field B m and starts precessing around the y direction, at arXiv:2002.05396v1 [physics.ins-det] 13 Feb 2020 a frequency ν n = γ n B m (170 Hz in the case of protons at 4 µT).
When the field has been restored at its detection level B m , the magnetometer requires some tens of milliseconds to recover its operativity, and some additional recovery time is necessary to let the field-compensation system achieve its steady state operation. After this dead-time, a time-dependent magnetic signal produced by the nuclear precession can be detected and recorded. Repeated measurements are performed to improve the signal-to-noise ratio.
FIG. 1. Schematics of the coil current driver. The coil supply is controlled by two transistors: Q2 is a Darlington Transistor -controlled by the opto-coupler Q1-and drives the high-level current, the optocoupler Q4 drives the low-level current, which is switched off with some delay after the high-level one. The extra-voltage produced by high-level current switch-off is limited to a non-destructive level by the branch made of D2, R4, R5, Q3. The latter branch behaves as a Zener diode Z (highlighted in dashed-black). The high-power series resistor R6 (1 Ω, 10 W) produces an output voltage that can be used as it is (on J4) for high-current monitor or -after the clipping circuit made of R11, D4, D5-(on J3) to monitor the low-current dynamics.
The coil producing the premagnetization field is supplied by a circuit which provides relatively high current (for nuclear spin premagnetization) and guarantees adjustable and precise current level transitions (for nuclear spin manipulation).
The current in the coil is controlled by two digital signals coming from a DAC board connected to the driver by optocouplers. The high-current control signal is amplified by Q1-Q2, while the low-current is directly controlled by the optocoupler Q4 (see Fig.1 ). In the considered application, the onset dynamics of the current is irrelevant, while the switch-off requires to be fast and appropriately designed.
In order to dissipate the energy stored in the coil in a time shorter than the coil L/R characteristic time, a parallel branch comes into play during the high-current switching off (at the high-to-low transition of the signal in J1), i.e. when B 0 is reduced to B 1 ≈ 10 B m . The reverse extra-voltage across the load is maintained below a given value V Z as to prevent that the collector-emitter voltage V CE on the transistor Q2 to exceed the maximum rating (V CE,Max =80 V for the selected device, TIP121).
The time-derivative dI/dt of the coil current is higher the higher is the voltage V Z in the Zener-like parallel circuit branch made of D2, R4, R5, Q3:
where L and R are the inductance and the resistance of the load. Thus the speed of the I 0 → I 1 transition is enhanced for high V Z , whose limit is set by the the above mentioned need of maintaining the V CE in Q2 at a safe level.
Once the coil reaches the steady state at I 1 , a transition to zero of the signal in connector J2 controls the complete switching off of the coil current. This event causes the total field passing from B 1 to B m , which is nearly perpendicular and at least ten times smaller. This transition lasts T t , a time that must be shorter than the instantaneous nuclear precession period: T t ≤ 2π/(γ n B(t)) . This condition is easy fulfilled, even without activation of the parallel branch, provided that the I 1 level is adequately low.
During long-lasting operation the the coil temperature must be monitored to prevent over-heating. To this purpose the coil is packed and cooled using a water cooling system. The current flowing in the coil is monitored acquiring the voltage across a 1 Ω series resistance (R6 in Fig.1 ). This signal can be used both to verify the actual time behaviour of the high-level and low-level current, and to estimate the current temperature during cycled measurements.
As known, the copper resistivity increases by about 0.393% per • C. As the circuit is supplied with a constant voltage, a reduction of 15% in the maximum coil current indicates an average copper temperature increase of about 60 • C. In this eventuality, the cycled data acquisition is suspended and the coil resistance is periodically measured, to restart the measurements when the coil is cooled down.
A clipping circuit limits the monitor signal excursion and helps to prevent DAQ saturation when recording the low-level current dynamics.
The high-level and low-level current dynamics, are shown in Figs.2 (a) and (b), while Fig.2 (c) shows the V CE voltage on Q2. Fig.2 (a) shows the transition from I 0 to I 1 with its constant slope in the time interval from 0 to 3 ms. The current reaches the I 1 level in about 3 ms with an appreciable but irrelevant overshot. The initial slope dI/dt ≈ −800 A/s on the load inductance L = 64 mH is consistent with the measured Q2 collector voltage V CC − L dI/dt − RI 0 ≈ 50 V presented in Fig.2 (c) .
As shown in Fig.2 (b) , when (at t=4 ms) the J2 control voltage is set to zero, the I 1 -to-zero transition occurs in about 10 µs. This second transition causes only a 10 V overvoltage peak, not enough to trigger the Zener protection.
The described system has been designed to enable in situ premagnetization of ultra-low-field NMR samples. Prelimi- nary tests demonstrate the feasibility of such approach (thanks to the operation in unshielded environment). The Fig.3 shows the proton signal obtained at 4 µT precession field after premagnetization in 70 mT field followed by sudden (non adiabatic) reduction and 90 • rotation of the field. The detected signal shows a ≈ 600 ms decay time, definitely shorter than in previous -remote-detection-instances 4 . This is likely to be attributed to residual precession field inhomogeneities due to ferromagnetic contamination of the coil assembly materials 14, 20 .
In conclusion, we have developed a premagnetization system for a NMR experiment enabling the in-situ premagnetization of the sample, and providing the magnetic field transitions suited to obtained nuclear spins tipped with respect to the ultra-low-field, where their precession is detected. We have demonstrated that a proton signal at 170 Hz with an initial amplitude of about 3 pT can be recorded from a 7 ml water sample premagnetized at about 70 mT.
The system could be rearranged to insert the sensor inside the coil, so to remarkably improve the sample-sensor coupling factor. The latter in fact dramatically scales with the sensor-sample distance, which in the present configuration is constrained by the coil thickness, a reason for which further increase of the coil size would not help to enhance the signal.
The transition from the low-level current to zero is measured to be about 10 µs: it is fast (non-adiabatic) not only with respect to the proton precession, but also for the atomic precession in the magnetometer. The latter feature opens also the new perspective of performing the measurement in a different regime, where atoms are prepared in a stretched state during the premagnetization time, and are subsequently probed in a free precession condition -having turned off the pumping radiation-during the NMR signal detection.
